Crystal structures of bacterial MutS homodimers bound to mismatched DNA reveal asymmetric interactions of the two subunits with DNA. A phenylalanine and glutamate of one subunit make mismatched base-specific interactions, and residues of both subunits contact the DNA backbone surrounding the mismatched base, but asymmetrically. A number of amino acids in MutS that contact the DNA are conserved in the eukaryotic Msh2-Msh6 heterodimer. We report here that yeast strains with amino acids substituted for residues inferred to interact with the DNA backbone or mismatched base have elevated spontaneous mutation rates consistent with defective mismatch repair. Purified Msh2-Msh6 with substitutions in the conserved Phe 337 and Glu 339 in Msh6 thought to stack or hydrogen bond, respectively, with the mismatched base do have reduced DNA binding affinity but normal ATPase activity. Moreover, wild-type Msh2-Msh6 binds with lower affinity to mismatches with thymine replaced by difluorotoluene, which lacks the ability to hydrogen bond. The results suggest that yeast Msh2-Msh6 interacts asymmetrically with the DNA through base-specific stacking and hydrogen bonding interactions and backbone contacts. The importance of these contacts decreases with increasing distance from the mismatch, implying that interactions at and near the mismatch are important for binding in a kinked DNA conformation.
DNA mismatch repair (MMR) 1 in bacteria is initiated when MutS protein binds to mismatches in DNA. Details of this binding were revealed by the x-ray crystal structures of Thermus aquaticus (Taq) and Escherichia coli MutS homodimers bound to mismatched DNA (1, 2) . Subunits A and B of the MutS homodimer are comprised of five domains, and interactions with DNA involve several amino acids in domain I of subunit A and a smaller number of amino acids in domain IV of subunit B (Fig. 1A) . These include sequence-independent van der Waals and hydrogen bonding interactions with the DNA backbone. Also seen is stacking between a mismatched thymine and a phenylalanine known to be essential for DNA binding and MMR in E. coli (3) (4) (5) (6) (7) (8) (9) . The structures further indicate a hydrogen bond between the N3 of the mismatched thymine and the O⑀2 of a specific glutamate. Although the Phe and Glu residues are present in both subunits of the homodimer, only the residues in subunit A interact with the mismatched base. Thus, mismatch recognition by bacterial MutS involves interactions with DNA that are asymmetrical in the two subunits.
MMR in eukaryotes is initiated by homologs of MutS. Msh2 and Msh6 form a heterodimer that binds to DNA containing base-base and insertion/deletion mismatches (10 -13) . Although structural information on Msh2-Msh6 is not available, two lines of evidence suggest that Msh2-Msh6 also binds to DNA in an asymmetric manner. First, substituting alanine for the phenylalanine in Msh6 (F337A in yMsh6, F432A in hMSH6) that is homologous to the bacterial residue reduces DNA binding and mismatch repair (8, 9) . In contrast, substituting alanine for a tyrosine in Msh2 that aligns at this position (Y42A in yMsh2) had no apparent effect (8) . Second, structure-based alignments (1, 2) suggest that most amino acids in subunit A of MutS that interact with DNA ( Fig. 1 ) are conserved in Msh6 but not in Msh2 (Table I ). This suggests that Msh6 is the functional homolog of subunit A of MutS, while Msh2 is functionally equivalent to subunit B.
Here we test these predictions by examining the effects of substitutions in the conserved amino acids in Msh6 and Msh2 that are equivalent to those in subunits A and B of MutS that interact with DNA. We substitute alanine for seven residues in Msh6 and one in Msh2 that are inferred to contact the backbone at varying distances from the mismatch. The results support the hypothesis of functional asymmetry in Msh2-Msh6, and by extrapolation in MutS, whose identical subunits are functionally difficult to distinguish. We provide evidence that residues in domain IV of Msh2 are important for DNA binding and reveal the importance of Msh6 and Msh2 contacts with the backbone within three base pairs of the mismatch. We also examine the roles of two amino acids inferred to make specific contacts with the mismatched base. We test the importance of the Phe 337 aromatic ring stack with the mismatched base by replacing Phe 337 in Msh6 not only with alanine (as in Refs. 8 and 9) but also with other amino acids. This includes tyrosine, which strongly reduces MMR function via mere addition of a hydroxyl group. Finally, we use both amino acid replacement and DNA substrate modification to test the hypothesis that the side chain of Glu 339 in Msh6 forms a hydrogen bond with the mismatched base. Comparison with a recent study of MutS reveals common features and distinct differences between the bacterial and eukaryotic proteins when this glutamate is replaced with alanine (14) .
EXPERIMENTAL PROCEDURES
Strains and Plasmids-The Saccharomyces cerevisiae strains DAG60 (msh2), and E207 (msh3 msh6) are derivatives of strain E134 (15) . Strain BJ2168 was used for purification of proteins, as described. 2 Plasmids containing the His-Msh2 and Msh6 gene were described (15) . 2 Mutation Rate Analysis-Mutation rates were determined as described previously (16) .
Purification and Analysis of yMsh2-yMsh6 Heterodimer-Purification of yeast Msh2-Msh6, ATP hydrolysis, and gel mobility shift experiments were performed as described. 2 The latter uses 20-l reactions containing 100 nM protein and 10 nM radiolabeled oligonucleotide DNA substrates. Homoduplex and heteroduplex DNA contained oligonucleotide UP-T (F) (5Ј-TCG TTT TAC AAC GTC GTG AAT GAG AAA ACC CTG GCG TTA CC-3Ј) or UP-F (5Ј-TCG TTT TAC AAC GTC GTG AAF GAG AAA ACC CTG GCG TTA CC-3Ј) hybridized to one of the following oligonucleotides: LO-A (F) (5Ј-GG TAA CGC CAG GGT TTT CTC ATT CAC GAC GTT GTA AAA CGA-3Ј, LO-G (F) (5Ј-GG TAA CGC CAG GGT TTT CTC GTT CAC GAC GTT GTA AAA CGA-3Ј), or LO-loop (F) (5Ј-GG TAA CGC CAG GGT TTT CTC TTC ACG ACG TTG TAA AAC GA-3Ј) (the nucleotide forming the mismatch is underlined). K d values were calculated as described previously (17) from band shift analysis performed using 1.0 nM DNA substrate and 0.1-250 nM wild-type or mutant Msh2-Msh6 protein. Filter binding in the reaction mix used for gel shift experiments was analyzed as described previously (18) . Fig. 1A illustrates the protein-DNA interactions of Taq MutS bound to DNA containing an extra thymine in one strand (left side) and E. coli MutS bound to a T⅐ G mismatch (right). The hypothesis is that Msh2 is functionally equivalent to subunit B of the MutS homodimer, while Msh6 is functionally equivalent to subunit A. In subunit A, several amino acids in domain I (in blue) and a few in domain IV (in red) interact in a sequence-independent manner with the DNA backbone, via van der Waals interactions (blue arrows) or hydrogen bonding (red arrows). Side chains in subunit A also contribute base-specific interactions (Fig. 1, A (Fig. 1B) . In contrast to the extensive interactions of subunit A with DNA, there are fewer interactions with subunit B, and none of these are base-specific. In both the Taq MutS and E. coli MutS structures, two positively charged residues (Lys and Arg, in orange) in domain IV of subunit B interact with the DNA backbone near the region where the DNA is kinked by 60°. An Arg (Taq and E.
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coli) and a Pro (Taq only) residue in domain I of subunit B also interact with the DNA backbone several nucleotides away from the mismatch (Fig. 1A , residues in lighter blue).
TABLE I Complementation by wild-type and mutant alleles of Msh2 and Msh6
Mutation rates and 95% confidence limits were calculated as described previously (16) Only those residues referred to in this work are shown. "A " indicates subunit A, suggested to correspond to Msh6. "B " indicates subunit B, suggested to correspond to Msh2. B, shown are residues 33-45 of the Taq MutS structure (left) and residues 30 -42 of the E. coli MutS structure (right). Contacts between the mismatched base and the side chains of the glutamate and phenylalanine residues are highlighted. Taq MutS is in a complex with a heteroduplex containing an extra T (1), while E. coli MutS is in a complex with a T-G mismatch (2) . C, alignment of the amino acid sequences of Taq MutS, E. coli MutS, yMsh2, and yMsh6 for the regions of coding sequence referred to in this study. Residues that have been substituted are highlighted in bold, and designations are shown underneath the alignment. The amino acid substitutions in yMsh6 and yMsh2 are listed in Table I .
Altering Putative Interactions with the DNA BackboneAmino acids in Msh6 and Msh2 homologous to those interacting with the DNA backbone in the prokaryotic protein-DNA complexes were changed to alanine. Changes in the mutation rate were monitored by expression of the mutant genes from single-copy plasmids in a yeast strain deficient in msh3 and msh6, using a reporter system that primarily detects one base pair deletions in an A 14 run in the LYS2 gene (16) . Elevated mutation rates characteristic of loss of MMR were observed with several mutants (Table I) . Residues Pro 313 and Arg 852 in Msh6 are inferred to contact the DNA backbone four to five base pairs from the mismatch (Fig. 1A) . Alanine substitution for these residues has little effect on the mutation rate. In contrast, strong effects result from alanine substitution for residues inferred to contact the DNA in the vicinity to the mismatch (Fig. 1A) . Effects for the Q393A and R412A mutants were anticipated by a study of different substitutions for these residues (Q393R and R412G) that failed to complement the mutator phenotype of an msh3msh6 mutant yeast strain (19) . These residues are conserved in Msh6 but not in Msh2 ( Fig. 1 and Table I Fig. 1A, right) . Alanine substitution for Lys 848 has no effect on the mutation rate (Table I) . Lys 564 in Msh2 is inferred to contact the DNA backbone near the mismatch (see orange K471 in Fig. 1A , right; orange K496 in Fig. 1A, left) . Alanine substitution for Lys 564 strongly elevates the mutation rate (Table I ). The data with these mutants and the overall pattern in Table I indicate that the bacterial and eukaryotic MutS dimers have similar asymmetric interactions with the DNA backbone. They further suggest that the importance of the interactions decreases with increasing distance from the mismatch.
Altering Putative Base-specific Interactions-The side chain of Phe 39 in subunit A of Taq MutS stacks with the unpaired thymine base, while the equivalent Phe 36 of E. coli MutS stacks with the thymine of the G⅐T mismatch (Fig. 1B) . When the homologous Phe 337 in yeast Msh6 is changed to alanine, the mutant msh6 allele is unable to complement the msh3msh6 mutant yeast strain (Table I) . This confirms studies indicating that this residue is critical for MMR in yeast and human Msh6 (8, 9, 19) . Here similar MMR defects were conferred by replacing Phe 337 with Ile, His, or Lys (Table I) . Interestingly, alignments reveal a lysine at this position in yeast Msh3 (1), which functions with Msh2 to repair certain insertion/deletion mismatches. Genetic evidence indicates that yeast Msh2-Msh3 can participate in repairing the majority of mismatches arising at the LYS2 locus used here (20) . The fact that the F337K allele is defective in MMR (Table I) indicates that the well known differences in substrate specificity between Msh2-Msh6 and Msh2-Msh3 cannot be accounted for merely by the amino acid at this position. Not surprisingly, structure-based alignments reveal a number of other differences between Msh3 and Msh6 that could contribute to substrate preferences (1, 2) .
Even the conservative change of Phe 337 to tyrosine in Msh6 results in a strong mutator phenotype indicating near complete loss of MMR (Table I) . This is consistent with a simulation based on the structure of Taq MutS, suggesting that the hydroxyl group of Tyr would clash with the base 3Ј to the unpaired thymine that stacks with the protein side chain. 3 Finally, Tyr 42 in yeast Msh2 aligns with the critical phenylalanine in MutS and Msh6 (Fig. 1C) . Previous studies reported that mutating this tyrosine in yeast or human Msh2 does not affect MMR (8, 9) . Here, replacing Tyr 42 with alanine yields a mutation rate elevated by 9-fold (Table I) . Although this mutator effect is less than for complete disruption of MSH2, it suggests that Tyr 42 is important for MMR. While the homologous phenylalanine in MutS subunit B does not contact the DNA in the crystal structures, replacing an aromatic ring with a methyl group might alter protein conformation to indirectly affect DNA interactions.
The only other MutS residue providing base-specific contacts to mismatched DNA is a conserved glutamate residue, Glu 41 in Taq MutS and Glu 38 in E. coli MutS. The carboxyl oxygen of this glutamate hydrogen bonds with N3 of the mismatched thymine (1, 2) . This Glu is absent in yMsh2 but conserved as Glu 339 in yMsh6 (Fig. 1C) . Replacing Glu 339 in Msh6 with alanine results in a mutation rate that is elevated 8-fold compared with wild-type Msh6 (Table I ). This indicates that loss of DNA interactions provided by Glu 339 , perhaps including the hydrogen bond, reduces but does not completely inactivate MMR activity.
Biochemical Analysis of Mutant Proteins with Changes in Residues Providing Putative DNA Interactions-Wild-type
Msh2-Msh6 and three mutant heterodimers were purified to perform an initial test of DNA binding capacity. Purification 2 involved co-eluting Msh6 with Msh2 that was retained on a nickel-chelating column due to an amino-terminal histidine tag, followed by heparin-Sepharose chromatography. Heterodimers of wild-type Msh2 and mutant Msh6 containing the F337A, F337Y, or E339A substitution contained Msh2 and Msh6 in molar ratios similar to that of the wild-type heterodimer ( Fig. 2A) . Thus, as anticipated based on MutS structures showing that dimerization is via interactions in distal domain V, these mutations in domain I of Msh6 have little effect on heterodimerization. The ATPase activities of the F337A and E339A heterodimers were within 2-fold of wild-type Msh2-Msh6 (K cat /K m ϭ 0.29, 0.13, and 0.15, respectively, for wild-type, F337A, and E339A). This indicates that the Msh6 substitutions do not strongly affect the overall ATPase activity of the heterodimers. This too is consistent with the fact that the ATPase active sites are located in distant domain V (1, 2, 9, 13, 21-24). 2 Next we examined DNA binding capacity using gel retardation and filter binding assays. As expected based on previous studies (25) (26) (27) , wild-type yeast Msh2-Msh6 binds to homoduplex DNA and preferentially to heteroduplex DNA containing either a T-G mismatch thymine or an extra thymine (Fig. 2B) . Mutant heterodimers containing the F337A or F337Y substitutions in Msh6 bind less efficiently to all three substrates (Fig.  2B, lanes 4 -9) . The reduced DNA binding capacity of the F337A substitution has been reported (8) and is extended here by showing that even the more conservative F337Y replacement reduces DNA binding. These defects correlate with the mutator effects of these substitutions ( Table I ), indicating that interactions of Phe 337 with the mismatched base contribute to binding and that this contribution is critical for MMR activity. The filter binding data (below each lane in Fig. 2, B and D) indicate that the F337A substitution results in substantial loss of discrimination between mismatched and matched DNA, whereas the F337Y mutant appears to retain some discrimination.
Reduced binding to both matched and mismatched DNA is 3 W. Yang, unpublished results.
observed for the heterodimer containing the E339A substitution in Msh6 (Fig. 2B, lanes 10 -12) , indicating that this residue also contributes to DNA binding. The K d values for binding of wild-type Msh2-Msh6 to a 41-mer homoduplex and the homologous ϩT heteroduplex are 1.8 and 0.4 nM, respectively, similar to K d values reported earlier (26) . The corresponding K d values for the E339A substituted heterodimer were 23 and 21 nM, respectively. Thus, the E339A substitution reduces both binding affinity and binding specificity, which likely contributes to the mutator phenotype.
Replacing glutamate with alanine removes the potential to hydrogen bond with the base. To further investigate this hydrogen bonding potential in the wild-type Msh2-Msh6 heterodimer, we examined binding to mismatches in which thymine was replaced by the base analog 2,4-difluorotoluene (designated F). This base analog is shaped like thymine but contains a carbon atom in place of the N3 and lacks hydrogen bonding potential (Fig. 2C) (28) . In a gel retardation assay (Fig.  2D) , wild-type Msh2-Msh6 binds less efficiently to substrates containing a F-G mismatch (lane 5) or an unpaired F base (lane 6) compared with equivalent substrates containing thymine (lanes 2 and 3, respectively) . Reduced binding to an F-G containing substrate was also observed in the filter binding assay. These data are consistent with MutS structures, suggesting formation of a hydrogen bond between the mismatched base and Glu 339 of Msh6. Binding of wild-type Msh2-Msh6 to the homoduplex containing F⅐A (Fig. 2D, lane 4) was also reduced compared with binding to the homoduplex containing T⅐A (Fig. 2D, lane 1) . However, this reduction was less substantial than observed for the mismatched substrates, resulting in a smaller differential in binding to homoduplex and heteroduplex DNA. This smaller differential is consistent with the loss of binding specificity resulting from the E339A substitution and may partly reflect the known helix destabilizing effects of the F and Z analogs (29) . Finally, when we examined filter binding of the Msh2-Msh6E339A mutant heterodimer to the F-containing DNA substrates, less binding was observed in comparison with substitution of the side chain alone or use of the base analog alone (data not shown). This suggests that in addition to a hydrogen bond, the side chain of Glu 339 may contribute other interactions that are important for DNA binding. Charge repulsion between the Glu 339 carboxylate and the backbone may play an important role in kinking the DNA toward the major groove right at the mismatched base. Also, the side chain of the glutamate in MutS subunit A is positioned to interact with the ring of the mismatched base in the minor groove.
The DNA binding defects conferred by the E339A substitution or resulting from replacement of thymine with difluorotoluene are substantial in comparison with the mutator effect of the E339A mutant. Thus it may be that even a small amount of residual MMR activity is sufficient to correct the majority of frameshift replication errors at the run of 14 A-T base pairs. It is also possible that the binding capacity of Msh2-Msh6 in vitro does not accurately reflect interactions in vivo that may stabilize the repair complex, thus reducing the effect of certain amino acid substitutions on MMR efficiency. A third possibility is that amino acids may contribute to DNA binding or MMR activity to variable extents with different mismatched substrates. This hypothesis is consistent with the fact that the F337Y mutant heterodimer retained some binding specificity and shifted more of the T⅐G substrate than did the F337A mutant heterodimer (Fig. 2B, compare lanes 5 and 8) . Modeling of the Phe to Tyr substitution 3 suggests that the problematic hydroxyl would be located in different positions in a MutS/T-G complex than in a MutS/ϩT complex. Also, while Glu 41 in Taq MutS hydrogen bonds with an unpaired thymine that is protonated at N3 (1), the potentially relevant hydrogen-bonding atoms may not be protonated in the bases of other mispairs or insertion-deletion mismatches or not even available when thymine is in a different sequence context. Thus, amino acids contacting the DNA may contribute to MMR efficiency in a mismatch-or sequence context-specific manner. We have initiated studies to test these possibilities.
Consistent with our results, a recent study (14) indicates that the glutamate in MutS homologous to Msh6 Glu 339 contributes to MMR and mismatched DNA binding specificity via a hydrogen bond and charge repulsion. A comparison of the two studies also reveals three differences that deserve further investigation. First, the E38A mutant of E. coli MutS has a mutator phenotype, suggesting complete loss of MMR of base substitutions, while the E339A mutation in Msh6 confers a weak mutator phenotype for single base deletions in a run of 14 A-T base pairs (Table I) . As mentioned above, the importance of the glutamate side chain for MMR may depend on the type of mismatch and/or its location. Second, the bacterial MutS proteins bind with higher affinity to base analog-containing homoduplexes than they do to the equivalent natural homoduplex, while wild-type Msh2-Msh6 bound here to a natural homoduplex DNA slightly more efficiently than to the base analogcontaining homoduplex (lanes 1 versus lane 4 in Fig. 2D ). This may be due to the use of substrates in the two studies that differ in length, primary sequence, and nucleotides flanking the base analog-containing base pair. Third, the Glu to Ala substitutions in bacterial MutS have little effect on binding to some substrates, and they enhance binding to others (Table II   FIG in Ref. 14) . In contrast, the E339A substitution strongly reduces DNA binding. This difference in the two studies is substantial. So too are DNA binding differences seen when comparing the E. coli and Taq MutS using identical substrates (14) . Thus, removal of the glutamate side chain can indeed have different consequences for E. coli MutS, Taq MutS, and yeast Msh6.
Conclusions-The results of this study suggest that Msh2-Msh6 interacts with mismatched substrates in an asymmetric manner similar to that observed with bacterial MutS homodimers. The data imply mismatched base-specific stacking with a phenylalanine, as suggested by earlier work (3) (4) (5) (6) (7) (8) (9) , and hydrogen bonding and other interactions between the mismatched base and a glutamate in Msh6 that is not conserved in Msh2. The DNA binding asymmetry extends to DNA backbone contacts. These involve amino acids in Msh6 (Ref. 19 and Table  I ) that are not conserved in Msh2 and a lysine in Msh2 whose homolog in Msh6 is functionally less significant. Substitution of side chains inferred to interact within 2-3 base pairs on either side of the mismatch have a stronger effect on mutation rate than those interacting with DNA further from the mismatch. We propose that local interactions around the mismatch determine the kinked DNA conformation as observed in MutS-DNA complexes (1, 2) . More distal interactions may contribute to the overall protein-DNA interface, which spans about one turn of the helix.
